A bubbling fluidized bed reactor (BFB) was batchwise operated under inert conditions to investigate phenomena occurring during the devolatilization of a biomass fuel, hazelnut shells coming from the food industry. A simple mathematical model was derived on the basis of some simplifying hypotheses suggested by the experimental evidence. The comparison between calculated and experimental values of devolatilization times and mass losses further support the assumptions made and the theoretical approach proposed.
INTRODUCTION
Biomass fuels represent a clean and renewable energy source that could become an alternative to the traditional fossil fuels. The main advantage is their minimum contribution to the increase of the Global Warming Potential (GWP), since carbon dioxide released during the combustion process is re-adsorbed by plant photosynthesis. Different thermal processes (combustion, gasification, pyrolysis) can be used for energy conversion of biomass, and one of the most attractive technologies for all of them is that of bubbling and circulating fluidized beds.
The fundamental aspects of thermal processes of biomass in fluidized bed reactors have been the subjects of several studies in the last few years. The initial stages of fuel particle history in the reactor, i.e., heating, drying, and devolatilization (Leckner et al., 1992; Pyle and Zaror, 1984; Di Blasi, 1999; Hansson, 2001) but even comminution or agglomeration (Chirone et al., 1997; Arena and Mastellone, 1999) can strongly affect the energetic performance of the reactor, the potential environmental impact of the process, as well as the reliability of the predictive mathematical model used in the design and in the operation of the system. The emphasis of this paper is on the devolatilization step of large particles of a commercially available biomass. A certain number of experiments have been conducted in order to obtain information about fragmentation behavior and mass loss during devolatilization. This information, together with that available in the literature on heat and mass transfer of active particles, was utilized to develop a simple mathematical model valid for particles in a dense bubbling bed, as well as in the bottom zone of a circulating fluidized bed reactor. The validity of the proposed approach was tested by comparing calculated values of devolatilization times and mass losses with those measured during the experiments. g p related to the gas related to the particle (biomass) Ko pre-exponential factor (1/s) s related to the sand particle L1, L2 two predominant dimensions of the hazelnut shells (mm) i f related to the time t = 0 related to the end of run M particle multiplication factor, i.e., the ratio between the number of (fragmented and non-fragmented) particles collected at the end of devolatilization and the number of injected particles ∞ related to the end of process m particle mass (kg) m .
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EXPERIMENT

Materials
The fuel pellets were hazelnut shells coming as residue from the food and pastry industries. Their proximate and ultimate analyses are given in Table I , together with other main physical properties. Table I also reports the kinetic parameters of the biomass as obtained by means of a thermogravimetric analysis. This latter consisted in a series of tests performed at different heating rates (up to 100 K/s) under inert conditions. These have been carried out by using the powder of the hazelnut shells in order to homogenize the different constituents of the biomass and to obtain the intrinsic kinetic expression. This resulted to be of a first order, according with the other studies on biomass available in the literature.
The main properties of silica sand used as inert material of the fluidized bed are also reported in the same table. 
Apparatus and Procedures
The laboratory-scale BFB, sketched in Figure 1 having an internal diameter of 55 mm, was used to investigate phenomena occurring during the devolatilization of the biomass particles, since devolatilized particles can be retrieved at any time after injection, by means of the basket. This is made of a stainless steel hoop, having a diameter very close to the internal diameter of the reactor, at which a wire net is welded. In the center of the net is located a 1.5-m long bar by means of which it is possible to retrieve the basket. Parallel investigations carried out in a reactor made of a transparent quartz tube and equipped with a pressure transducer at the bottom, confirmed that this device did not affect fluidization quality. The minimum diameter of particles that can be collected with this technique is about 0.85 mm: this implies that the smallest fragments were not taken into account in the data processing. The injected and collected (fragmented or unfragmented) particles were individually weighed, measured with a gauge (to evaluate the extension of each of the three dimensions), and chemically analyzed (to evaluate their carbon content). According to the procedure used for experiments with coal (Chirone et al., 1991; Arena et al., 1996a) , alternative fuels (Arena et al., 1995b; 1996b) , and packaging-derived fuels , fragmentation tests were carried out by injecting a statistically significant number of batches of a single fuel particle into a bed of 360 g of silica sand, kept at a fixed temperature. A nitrogen stream was used to fluidize the bed at a superficial gas velocity equal to three times that for minimum fluidization, and another was used to quench particles just collected by the basket in order to avoid combustion with the oxygen of the atmosphere.
An ABB Fidas 3E analyzer was used to detect the total hydrocarbon content (C n H m ) of flue gases, measured as equivalent methane concentration. A Leica MZ8 optical microscope and a Philips XL 30 SEM (Scanning Electron Microscope) were used to investigate the microstructure of a few fresh and devolatilized biomass particles. The SEM apparatus has an optical resolution of 2 nm (at 30 kV) and allows quantitative elementary analysis of the specimen surface.
EXPERIMENT RESULTS AND DISCUSSION
Primary Fragmentation Behavior and Morphological Modification During Devolatilization
A series of experiments were carried out in order to obtain information able to define a possible scenario of the different stages that the biomass particle undergoes just after its injection in a hot fluidized bed reactor. The basket-equipped fluidized bed reactor was batchwise operated at bed temperatures of 723 or 923 K, fluidized by nitrogen and charged with a single hazelnut shell. The batch tests were scheduled for different residence times of biomass particles in the reactor (5 s, 10 s, 15 s, etc.) in order to study the time evolution of the first stages of the thermal conversion process. In particular, the focus was on the fragmentation behavior of the tested biomass and on the history of particle mass loss.
The phenomenon of primary fragmentation occurs in the first stages of thermal conversion history of a fuel particle injected in a hot fluidized bed. It is a consequence of losses of material (moisture and volatiles) and internal stresses due to heating, drying and devolatilization, the rates of these processes being greatly affected by the properties of fuel and the heat exchange between bed and fuel particles (Chirone et al., 1991; Arena and Mastellone, 2000) . Some studies (Chirone et al., 1991; highlighted that neglecting the occurrence of this phenomena can result in remarkable errors in the predictions of mathematical models of the process.
Experimental values of the parameters (namely the probability of particle breakage, S fr the particle multiplication factor, M, and the three dimensions of fragments) that define the significance of primary fragmentation are listed in Table II . The analysis of numerical values of these parameters indicated that the hazelnut shells did not undergo any substantial particle breakage (S fr . 0). De-spite the high content of volatile matter, each shell injected into the bed did not originate any fragment or subparticle (M . 1).
A careful analysis of data in Table II also shows that, as expected (Hansson, 2001) , the biomass particles do shrink and that this shrinkage is rather substantial (about 30%). The ratio between the values of geometrical dimensions of each particle, before and after the injection into the reactor, remains substantially constant. This indicates that there is an isotropic shrinkage of the particle during devolatilization. In other words, the devolatilized particle, retrieved with the basket technique at different times during and just after the end of devolatilization, saved the individuality and approximately the original shape of the "mother" fuel particle. These findings appeared even more surprising if compared with the results obtained with other waste-derived high-volatile fuels that have a great tendency to generate upon devolatilization a few, highly friable, incoherent char fragments or a multitude of very fine fragments (Arena et al., 1995a) .
Particle Mass Loss along the Time
Some biomass particles were examined by means of the optical and scanning electronic microscopes. Figure 2 , obtained with an increasing magnification, shows the different sides of one of the hazelnut shell particles before its injection in the hot bed. The pictures clearly showed three layers. The external (Figure 2A ) and inner ( Figure 2B ) layers of the shell, those that botanists called pericarp and endocarp, respectively, appeared extremely compact and not permeable to gas passage. The middle layer, named mesocarp, is instead characterized by a porosity ( Figures 2C and 2D ) that can be estimated to be as large as about 50% by means of an image software analysis applied to the SEM images. These observations suggested that the release of volatiles occurs mostly through the layer of mesocarp. A parallel investigation was then planned to support this hypothesis. Some batchwise tests were carried out by retrieving the fuel particles before the end of their devolatilization and by exposing them to the atmosphere without any quenching with nitrogen stream, so that the oxygen could oxidize the releasing volatiles. All the tests showed a red incandescence along the whole thickness of the mesocarp: this further supports the hypothesis that only this layer was affected by the release of volatiles (and then by their combustion in air). Table II also reports data of mass losses experimentally measured during batchwise experiments carried out at 723 K under different residence times. Taking in mind that the maximum volatile content is VM = 80% (as evaluated in a fluidized bed at 723 K, see Table I ), the fraction of mass loss and that of normalized amount of released volatiles can be estimated as functions of time. These data indicate that the time at which the devolatilization was substantially completed (t dev ) was less than 15 s at 723 K and less than 5 s at 923 K. Another experimental evidence comes from the on-line gas measurements performed by means of the ABB Fidas 3E analyzer: the analysis of recordings showed that the devolatilization began not later than 4 or 2 s after the particle injection, respectively at 723 and 923 K.
Theoretical Approach
The tested hazelnut shells, sketched in Figure 3 as a sort of slab, are large enough particles, having the two predominant dimensions of the order of centimeters (Table I) .
A simple model has been implemented to predict the time that these centimeter-sized biomass particles require to be warmed up in a fluidized bed combustor. The following general balance can be written: 
Some simplifying assumptions can be made, according to previous studies (Prins, 1987; Pyle and Zaror, 1984; Leckner et al., 1992) :
1. There is thermal equilibrium between gas and solids inside the fuel particle. 2. The gas density as well as the fuel density and porosity are constant. 3. The convective contribution is negligible. 4. There is no moisture content. 5. The enthalpy variation due to devolatilization is negligible. Keeping in mind that the local heating rates in a fluidized bed combustor are of the order of tens to hundreds of degrees centigrade per second, and the tested biomass particles receive the heat transfer mainly throughout the external surfaces of the two predominant dimensions, the thermal balance has been rewritten only along the quote z and just with the conductive contribution:
with the initial condition: at t = 0 → T = 293 K and the boundary conditions:
at z = 0
The overall convective heat transfer coefficient was evaluated as suggested by Prins (1987) and by Leckner et al. (1992) : by using as size d s of inert particles that are reported in Table II and as characteristic length of the active particles, d p , the diameter of the equivalent sphere surface, which has been evaluated to be equal to 13 mm. The results of the model are reported in Figures 4 and 5 as temperature profiles inside the mesocarp layer, parameterized with the time. The time tin,dev necessary to reach a temperature of 575 K, which the thermogravimetric analysis indicates to be that at which the volatiles start to be released at external surface results equal to 1 or 0.3 s, respectively for bed temperatures of 723 or 923 K. The same temperature of 575 K is reached in the middle of mesocarp (z = 0) after 6.8 or 4.4 s, respectively. These data are in a (qualitative) good agreement with the experimental observations described above. The mass loss due to volatile release could be evaluated by means of a very general model, as that recently proposed by Di Blasi (2000) . The general model is structured by considering the following steps of the process: the heat transfer from the bulk to the particle surface, the heat conduction from the particle surface to the particle interior and, finally, the devolatilization of the heated material. In this paper, a more simplified approach was utilized, on the basis of the following considerations. The general rules for model simplifications proposed by Pyle and Zaror (1984) and then used by different authors (Leckner et al., 1992; Palchonok et al., 1997; Hansson, 2001) , suggest that there are cases in which one of these processes is rate limiting. In particular, the conditions for internal heat transfer control can be summarized as: Bi >> 1; Py (T bed ) << 1 and Py (293 K) >> 1. All these conditions are fulfilled for the tested hazelnut shells, as illustrated in Table III . Note that the dimensionless numbers were evaluated by using different characteristic lengths for fuel particles (since there is no general accordance when the shape of the particles is a thin slab) but the overall result is the same. 7 dp (for h calc.) dp 53 1.3⋅10
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T heoretical E xperim ental The mass balance can be written then by recalling that the intrinsic kinetics of the homogenized biomass resulted in being represented by a first-order equation, i.e.:
Experimental evidence that confirms the internal heat transfer to be the controlling step has been obtained by repeating some tests by using finer silica sand, having a Sauter mean diameter equal to 0.155 mm. The obtained curve of mass loss as a function of time resulted absolutely coincident with that measured with coarser sand. Since a finer inert material remarkably increases the particle-to-particle heat transfer coefficient in a fluidized bed, this finding further supported the assumption that the external heat transfer was not a rate-limiting step. Therefore, the internal heat transfer resulted the controlling step, and the energy balance can be numerically solved in order to obtain the temperature profile for each differential layer as a function of time. The mesocarp thickness has been divided then into 10 sublayers and, for each of them, the release of volatiles has been assumed to be instantaneous on the basis of the above reported considerations about the rate-limiting process. The results are shown in the Figures 6 and 7 together with the experimental data. The comparison appears rather good under both operating conditions tested. It is also noteworthy that the devolatilization time, i.e., that for which 95% of the volatile is released, is equal to 11.8 and 6.2 s respectively, for operation at 723 and 923 K and then in agreement with the above reported experimentally measured times.
CONCLUSIONS
Experiments have been carried out in a bubbling fluidized bed in order to investigate some aspects of the devolatilization of a biomass particle after its injection in a hot bed reactor for thermal conversion. In particular, it appeared that:
1. The fragmentation behavior of the tested biomass is negligible and the shrinkage of the particle is isotropic. The devolatilized particle then saves the individuality and the original shape of the "mother" fuel particle. 2. Three layers form the tested biomass: the external and inner layers of the shell appeared not permeable to gas passage; the middle layer, the mesocarp, has a large porosity. The microscope observations and the experiments suggest that the release of volatiles mostly occurs through this mesocarp layer.
A simple model has been proposed on the basis of some general simplification rules that allow the assumption of an internal heat transfer control. The comparison between experimental and theoretical data, related to the time of beginning and end of devolatilization as well as to the history of mass loss, is rather good and further supports the validity of the assumptions made.
